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Summary
Plant development is highly plastic and dependent on light
quantity and quality monitored by specific photoreceptors.
Although we have a detailed knowledge of light signaling
pathways, little is known about downstream targets involved
in growth control. Cell size and shape are in part controlled
by cellulose microfibrils extruded from large cellulose
synthase complexes (CSCs) that migrate in the plasma
membrane along cortical microtubules. Here we show a
role for the red/far-red light photoreceptor PHYTOCHROME
B (PHYB) in the regulation of cellulose synthesis in the
growing Arabidopsis hypocotyl. In this organ, CSCs con-
tains three distinct cellulose synthase (CESA) isoform
classes: nonredundant CESA1 and CESA3 and a third class
represented by partially redundant CESA2, CESA5, and
CESA6. Interestingly, in the dark, depending on which
CESA subunits occupy the third position, CSC velocity is
more or less inhibited through an interaction with microtu-
bules. Activation of PHYB overrules this inhibition. The anal-
ysis of cesa5 mutants shows a role for phosphorylation
in the control of CSC velocity. These results, combined
with the cesa5 mutant phenotype, suggest that cellulose
synthesis is fine tuned through the regulated interaction of
CSCs with microtubules and that PHYB signaling impinges
on this process to maintain cell wall strength and growth
in changing environments.
Results and Discussion
CESA6 Is Required for Normal Cellulose Synthase
Complex Movement in Dark-Grown Hypocotyls
The cellulose synthases (CESAs) CESA1, CESA3, and CESA6
are part of the same cellulose synthase complex (CSC) [1].
CESA1 and CESA3 have nonredundant essential roles in the
complex as shown by themale gametophyte-lethal phenotype
of the corresponding null mutants [2]. In contrast, null mutants
forCESA6 have a less severe phenotype as a result of the pres-
ence of the partially redundant genes CESA2, CESA5, and
CESA9 (here referred to as CESA6-like genes) [1, 2]. cesa6
mutants show a 30% reduction in cellulose content and
reduced growth of roots and dark-grown hypocotyls [3, 4].
Interestingly, cesa6 hypocotyls elongate normally in the light,
even under conditions that strongly promote hypocotyl
elongation [3, 4]. Fourier transform infrared (FTIR) microspec-
troscopy and analysis of cell wall monosaccharide composi-
tion did not reveal major differences between light-grown
cesa6 and wild-type (WT) hypocotyls (see Figures S1A and*Correspondence: herman.hofte@versailles.inra.frS1B available online), indicating that in the light, not only
growth but also normal cellulose synthesis was restored
in the mutant. Together, these results show that CESA6 is
required for normal cellulose synthesis in dark-grown but not
in light-grown hypocotyls.
To investigate in more detail the relationship between light
and cellulose synthesis, we first focused on the role of
CESA6 in dark-grown hypocotyls. The reduced cellulose
synthesis in the dark in cesa6 could reflect reduced levels of
CSCs, a different subcellular localization, reduced enzymatic
activity of the CSCs, or a combination thereof. To distinguish
between these possibilities, we studied the dynamics of
CSCs in the dark in a WT and a cesa6 background. As a tag
we used CESA5, the isoform most closely related to CESA6,
and expressed it as aGFP-fusion protein from the endogenous
promoter (P5::GFP-CESA5) in a WT and a cesa6prc1–1 back-
ground. P5::GFP-CESA5 is functional, as shown by the rescue
of the altered mucilage phenotype of the cesa5 mutant [5].
We studied GFP-CESA5 labeling in epidermal cells beneath
the apical hook, which grow slowly and show a high rate of
cellulose synthesis [6]. As shown previously for GFP-CESA3
[7], GFP-CESA5 labeled punctae at the cell surface, which
showed a bidirectional movement with velocities comparable
to those of GFP-CESA3 (Figures 1A and 1E; [1]). This shows
that GFP-CESA5 is part of active CSCs. In the cesa6prc1–1
background, punctae were also observed at the cell surface,
indicating that the fusion protein was correctly targeted to
the plasma membrane; however, the movement was much
slower (127 6 79 nm/min) than that of the same fusion protein
expressed in WT (269 6 128 nm/min) (Figures 1E and 1F).
In conclusion, the cellulose synthesis defect in dark-grown
cesa6prc1–1 hypocotyls is correlated with a reduced CSC
velocity.
Reduced GFP-CESA5 Velocity in Dark-Grown cesa6prc1–1
Hypocotyls Requires Intact Microtubules
Reduced CSC velocities have also been observed for certain
phosphorylation mutants of CESA1 [8]. The same study
showed that normal CSC velocity could be restored by
chemical depolymerization of the microtubules. In a similar
way, we used 7 mM oryzalin to depolymerize the microtubules
and measured the velocity of GFP-CESA5-labeled punctae
in dark-grown cesa6prc1–1 hypocotyls. Interestingly, in the
presence of oryzalin, the GFP-CESA5 velocity was signifi-
cantly increased (Figure 1G), indicating that the reduced
motility of the CSCs in the dark resulted from a direct or
indirect interaction with microtubules.
Phytochrome B Activation Is Sufficient for Normal CSC
Movement in the Absence of CESA6
We next analyzed the dynamics of GFP-CESA5 in light-grown
WT and cesa6prc1–1 hypocotyls. Interestingly, the velocity
distribution of the GFP-CESA5 surface particles was compa-
rable between cesa6prc1–1 (244 6 131 nm/min) and WT
(257 6 119 nm/min) (Figures 1E and 1F). The light-dependent
promotion of GFP-CESA5 motility was a slow process
(no changes in velocity were observed 60 min after transfer
to white light; Figures S2A–S2F). This suggests a slow
Figure 1. CESA5-Containing Particles Are Motile
in Dark-GrownWild-Type but Not in a cesa6prc1–1
Background
(A–D) Average projections of time series of GFP-
CESA5-containing punctae in the upper part of
the hypocotyl in dark-grown wild-type (WT; A),
light-grown WT (B), dark-grown cesa6prc1–1 (C),
and light-grown cesa6prc1–1 (D). Average projec-
tions represent 7 min time series with 10 s inter-
vals. In the WT background, trajectories are
similar in dark- and light-grown seedlings. In
cesa6prc1–1,GFP-CESA5-particleshaveastrongly
reduced motility in dark-grown (C) compared
to light-grown (D) hypocotyls. Scale bars repre-
sent 6 mm.
(E and F) Distribution of particle velocities for
GFP-CESA5 inWT (E) and in cesa6prc1–1 (F) grown
in the dark (black bars) and in the light (white
bars). GFP-CESA5/Col-0_Dark, n = 357 (18 cells
of 8 plants); GFP-CESA5/Col-0_Light, n = 326
(11 cells in 6 plants); GFP-CESA5/cesa6_Dark,
n = 953 (47 cells in 17 plants); GFP-CESA5/
cesa6_Light, n = 565 (18 cells in 7 plants).
(G) Distribution of GFP-CESA5 particle velocities
for dark-grown cesa6 prc1–1 (GFP-CESA5/cesa6_
Dark, n = 953 [47 cells in 17 plants]) treated for
6 hr with 7 mM oryzalin (GFP-CESA5/cesa6_
Dark_O, n = 491 [20 cells in 11 plants]) and WT
(GFP-CESA5/Col-0_Dark, n = 357 [18 cells of 8
plants]). Oryzalin treatment strongly reduces the
number of slowly moving GFP-CESA5 particles
in etiolated cesa6prc1–1.
See also Figure S1.
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microtubule interaction, and/or a requirement for de novo
synthesis of fast-moving CSCs.
We previously showed that the activation of the red/far-red
photoreceptor PHYTOCHROME B (PHYB) was sufficient for
the rescue of cesa6prc1–1 hypocotyl growth [3]. To investigate
whether PHY also regulates CSC velocity in cesa6prc1–1, we
treated dark-grown cesa6prc1–1 seedlings (Figure 2A) with
a 10 min red light (R, 660 nm) pulse, followed by 140 min in
the dark. This treatment was sufficient to increase GFP-
CESA5 particle velocity (Figures 2C and 2E). In contrast,
a 10 min pulse of far-red light (FR), which converts PHY into
its inactive Pr form [9], did not affect the velocity (Figures 2B
and 2E). This low-fluence-rate (LFR) R-dependent activation
of GFP-CESA5 motility suggests the involvement of PHYB
photoreceptors. To confirm this, we measured GFP-CESA5
particle velocities in phyB/cesa6prc1–1 double mutants. As
expected, velocities were comparable in this background in
R-treated and -untreated seedlings (Figure 2F). Unexpectedly,
the mean velocity of GFP-CESA5 particles in dark-grownphyB/cesa6prc1–1 was higher (199 6
106 nm/min) than in the single
cesa6prc1–1 mutant (127 6 79 nm/min).
Because PHYB is thought not to have
a role in the absence of light, it is not
clear at this stage how the phyB muta-
tion could affect CSC velocity in dark-
grown seedlings. Nevertheless, the
data suggest that activation of PHYB is
sufficient to accelerate the movement
of GFP-CESA5-containing CSCs in the
absence of CESA6. This explains at leastin part the light-sensitive conditional cellulose deficiency in
cesa6prc1–1 hypocotyls.
Phosphorylation of CESA5 Controls CSC Velocity
The normal CSC velocity and the absence of a cellulose defect
in light-grown cesa6prc1–1 hypocotyls suggested that one or
more other CESA6-like isoforms may replace CESA6 in these
conditions. Among the three candidates, CESA5 is fully redun-
dant with CESA6 in light-grown hypocotyls. Indeed, hypo-
cotyls of both single mutants have a WT phenotype in the light
and double cesa5/cesa6 mutants are lethal, with a strong
haploinsufficiency for CESA5 in a cesa6 background [1].
We next asked the question of why CESA5 is redundant with
CESA6 in light-grown and not in dark-grown hypocotyls. Given
the comparable levels of endogenous CESA5 transcripts in
dark- and light-grown seedlings inWTandcesa6mutant plants
(Figure S2G), CESA5 is likely not functionally equivalent to
CESA6. The amino acid sequences of CESA5 and CESA6 are
89% identical and show the highest divergence within a
hypervariable region in the N-terminal cytoplasmic domain
Figure 2. Phytochrome B Regulates Velocity of
GFP-CESA5
(A–E) Average projections of time series (A–D)
and velocity distributions (E) of GFP-CESA5 parti-
cles in cesa6prc1-1 grown in the dark (A; n = 953 [47
cells in 17 plants]), treated with 10 min far-red
light (FR) (B; n = 431 [21 cells in 11 plants]) or
10 min red light (R) (C; n = 543 [22 cells in 11
plants]), or grown under continuous white light
(D; n = 565 [18 cells in 7 plants]). GFP-CESA5
particles in R-treated dark-grown plants (A)
have velocities similar to those of light-grown
plants (D). Scale bars represent 6 mm.
(F) Velocity distribution ofGFP-CESA5 in a double
mutant phyB-9/cesa6prc1-1. Velocities were com-
parable between control and 10 min R-treated
plants. GFP-CESA5/cesa6/phyB_Dark, n = 541
(21 cells in 12 plants); GFP-CESA5/cesa6/phyB_
Dark_R, n = 516 (18 cells in 10 plants).
See also Figure S2.
Current Biology Vol 21 No 21
1824(Figure S3). Interestingly, phosphoproteomics of light-grown
Arabidopsis cell cultures showed that CESA5 is phosphory-
lated at four positions in this region (Ser122, Ser126, Ser229,
and Ser230), without evidence for CESA6 phosphorylation
([10] and T. Nu¨hse, personal communication). We therefore
tested the possibility that these phosphorylation sites might
account for the functional differences between the two pro-
teins. CESA5 mutants in which all four phosphorylation sites
were mutated either into Ala (positions 122, 126, and 229) and
Gly (position 230) (CESA5-P2) or into a phosphomimetic amino
acid Asp (CESA5-P+) were expressed from the endogenousCESA6 promoter (P6) in cesa6prc1–1.
Among the transformants, we selected
lines with comparable transcript levels
for the transgene (data not shown).
Dark-grown hypocotyl length measure-
ments first confirmed previous findings
that P6::CESA5 partially complements
the hypocotyl growth defect (Figure 3A).
Interestingly, P6::CESA5-P2 did not res-
cue and P6::CESA5-P+ totally rescued
the hypocotyl growth defect (Figure 3A).
Next, we analyzed the impact of CESA5
phosphorylation on CSC motility. For
technical reasons, we used in this exper-
iment P3::GFP-CESA3 to monitor CSC
motility in a P6::CESA5-P2/cesa6prc1–1
and a P6::CESA5-P+/cesa6prc1–1 back-
ground (Figure 3B). As expected from
the hypocotyl phenotype, in dark-
grown seedlings, GFP-CESA3 particles
showed a higher velocity in the presence
of P6::CESA5-P+ than in the presence of
P6::CESA5-P2 (Figure 3B). In addition,
P6::CESA5-P2alsoprevented increased
velocity of GFP-CESA3 particles in the
light. The data suggest that GFP-
CESA3 and the mutated versions of
CESA5 are indeed partners in the same
active CSCs and show that phosphory-
lation is required to render CESA5
functionally equivalent to CESA6 in its
ability to bypass the inhibition of CSCmovement. Although CESA5 phosphorylation has been
observed in light-grown cell cultures [10], it is not clearwhether
phytochrome indeed regulates the phosphorylation status of
CESA5 in the hypocotyl. Despite several attempts, we have
not been able to detect CESA5-derived phosphopeptides in
extracts from Arabidopsis seedlings.
Regulation of CESA5 Phosphorylation Is Required
for Normal Cell Wall Architecture
What is the biological role for the functional specialization of
CESA5? In contrast to cesa6 mutants [4], cesa5 mutants did
Figure 3. Phosphorylation Sites Control Functional Differences
between CESA5 and CESA6
(A) Hypocotyl length of WT (Col0), cesa6prc1–1, and cesa6prc1–1
transformed with CESA5 versions driven by the CESA6
promoter. In P6::CESA5-P2, all four phosphorylation sites
(Ser122, Ser126, Ser229, and Ser230) are replaced by Ala or
Gly; in P6::CESA5-P+, they are replaced by the phosphomimetic
amino acid Asp. Two independent transformants are shown
for each construct. Significant differences (p = 0.95) are shown
as compared to Col-0. Data are presented as mean values 6
standard error (SE) (n = 30).
(B) Phosphorylated CESA5 is essential for increased motility
of GFP-CESA3-containing cellulose synthase complexes in the
absence of CESA6. Distribution of particle velocities is shown
for GFP-CESA3 in dark-grown (n = 362 [13 cells in 6 plants])
and light-grown (n = 286 [9 cells in 6 plants]) P6::CESA5-
P2/cesa6 prc1–1 as well as for GFP-CESA3 in dark-grown (n =
310 [17 cells in 6 plants]) P6::CESA5-P+/cesa6prc1–1 seedlings.
See also Figure S3.
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Nevertheless, FTIR microspectroscopy on hypocotyl cells re-
vealed small but highly significant differences between cesa5
and WT (Figures 4D and 4E), consistent with changes in cell
wall polysaccharides (maxima at 1157, 1118, and 1083 cm21)
and decreased amounts of ester bonds (1712, 1731, and
1769 cm21), which most likely correspond to methylesterified
pectins [11, 12]. A change in pectin methylesterification levels
is frequently observed upon modification of other cell wall
polymers [12] and in this case could be an indirect conse-
quence of alterations in cellulose structure. These changes
have an impact on cell elongation and hence presumably on
the extensibility of the cell wall as shown by the significantly
reduced hypocotyl length compared to WT for seedlings
grown on 4.5% sucrose, a condition that has been shown to
aggravate phenotypes of a number of cell wall mutants [13]
(Figure 4 C). We conclude that, whereas the absence of
CESA6 causes quantitative changes in cellulose content in
dark-grown hypocotyls, the absence ofCESA5 causes qualita-
tive changes in the cell wall without affecting the amount of
cellulose.
Conclusions
The cellulose deficiency in cesa6 correlates with the CESA5
phosphorylation- and microtubule-dependent inhibition of
CSC movement. What is the biological significance of this
regulation? We assume that each of the six globules of the
CSC contains at least one position for a CESA6-like subunit.The CESA5:CESA6 ratio in the CSC and the
degree of phosphorylation of CESA5 may regulate
the strength of themicrotubule interaction and hence
allow the fine tuning of cellulose deposition in the
dark-grown hypocotyl. We have not observed signif-
icant differences in CSC particle velocity between
dark- and light-grown WT seedlings; however,
pausing of individual CSCs may not be detectable
when comparing velocity distributions of CSC popu-
lations. Fine tuning of CSC velocity may play a role in
controlling some architectural features of the cell
wall in dark-grown hypocotyls. This regulation is
overridden in light through the activation of phyto-
chrome and may involve the phosphorylation of
CESA5 (Figure S4). Despite an overall inhibitoryeffect of phytochrome on hypocotyl elongation, the observed
effect on cellulose synthesis might correspond to the previ-
ously observed growth-promoting component of the phyto-
chrome response [14].Experimental Procedures
Plant Material and In Vitro Growth Conditions
We created different CESA5 cDNA versions in which all four putative phos-
phorylation sites were mutated either into Ala (positions 122, 126, and 229)
andGly (position 230) (CESA5-P2) or into a phosphomimetic amino acid Asp
(CESA5-P+). The phosphorylation sites Ser229 and Ser230 have been
described [10]; Ser122 and Ser126 were described in a personal communi-
cation from T. Nu¨hse. See Supplemental Experimental Procedures for more
details on the genetic constructs.
phyB-9 was kindly provided by E. Schaefer. GFP-CESA3 and GFP-EB1a
were described previously [1, 15]. Generally, seedlings were grown at
20C in Petri dishes on Estelle and Somerville medium (ES; [16]) without
sucrose. Seeds were cold treated at 4C for 72 hr and exposed to fluores-
cent white light (150 mmol/m2 3 s; True Light, Philips) for 4 hr. The age of
the seedlings was defined with respect to the end of the cold treatment.
Seedlings were grown at 20C in a 16/8 hr day/night cycle. For growth in
the dark, Petri dishes were wrapped in aluminum foil and incubated
at 20C. For imaging, seedlings were cultured in chambers as described
in [17] or on plates containing ES medium without sucrose. Special light
treatments included pulsing with red light (R, 46 mmol/m2 3 s; Nijssen
Light Division) and far-red light (FR, 146 mmol/m2 3 s; Osram 1104/120W
fluorescent tubes); spectra of the light sources are available upon request.
For oryzalin treatments, 3-day-old dark-grown seedlings were transferred
onto Petri dishes containing ES medium with 7 mM oryzalin. Seedlings
were incubated on oryzalin plates for 6 hr before observation.
Figure 4. Hypocotyl Phenotypes of Four-Day-Old
Dark-Grown cesa5 Mutants
(A) Hypocotyl length. Data are presented asmean
values 6 SE (n = 30).
(B) Crystalline cellulose content as measured
by [18]. Data are presented as mean values 6
standard deviation (SD) (n = 3).
(C) Length of 3-day-old hypocotyls of WT,
cesa5 mutants, and cesa5 mutants expressing
p5::GFP-CESA5. Seedlings were grown on 4.5%
sucrose. Data are presented as mean values 6
SD (n > 20). *p > 0.95 versus WT control.
(D and E) Fourier transform infrared (FTIR) micro-
spectroscopy on cesa5 hypocotyls.
(D) Average FTIR spectra.
(E) Student’s t test values (y axis) for WT versus
cesa5 mutants are plotted against the wave
numbers (x axis). Horizontal gray lines refer to
the significance threshold (p = 0.95). Several
highly significant maxima (lower in the cesa5
mutant compared to WT) can be assigned to
pectin ester linkages (maxima at 1712, 1731,
and 1769 cm21) and alterations in cell wall crys-
tallinity (maxima at 1157, 1118, and 1083 cm21).
See also Figure S4.
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During all experiments, cell viability was verified by monitoring cyto-
plasmic streaming. Hypocotyls of 3-day-old etiolated seedlings were
analyzed on an Zeiss Axiovert 200M microscope equipped with a Yoko-
gawa CSU22 spinning disk, Zeiss 1003/1.4 NA oil objective, and Andor
EMCCD iXon DU 895 camera (Plateforme d’Imagerie Dynamique, Institut
Pasteur, Paris) or on a Zeiss Axio Observer Z1 microscope equipped
with a Yokogawa CSU-X1 spinning disk, Zeiss 1003/1.4 NA oil objective,
and Roper EMCCD Quantum 512C (Plateforme d’Imagerie, IJPB-INRA,
Versailles). A 488 nm diode-pumped solid-state laser was used forexcitation, and emission was collected using a band-pass 488/25 filter
(Semrock) for GFP. Projections presented in figures were acquired from
single frames of a 7 min time series using 10 s intervals. Velocity of
GFP-CESA5- and GFP-CESA6-containing particles was calculated from
kymographs created in ImageJ (http://rsbweb.nih.gov/ij/) as described in
[7]. Image size and contrast were adjusted as needed using ImageJ and
GIMP 2.6 (OS X).
All material, Petri dishes, incubators, forceps, pipettors, microscope
slides, coverslips, the spinning-disk microscope, and the room harboring
it were maintained at 21C.
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Supplemental Information includes four figures and Supplemental
Experimental Procedures and can be found with this article online at
doi:10.1016/j.cub.2011.09.026.
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